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DESIGN AND PRELIMINARY TESTS OF A BLADE TIP AIR MASS INJECTION

SYSTEM FOR VORTEX MODIFICATION AND POSSIBLE NOISE REDUCTION

ON A FULL-SCALE HELICOPTER ROTOR

Robert J. Pegg, Robert N. Hosier,* John C. Balcerak,**

and H. Kevin Johnson**

Langley Research Center

SUMMARY

Full-scale tests were conducted on the Langley helicopter rotor test facility (HRTF)

as part of a study to evaluate the effectiveness of a turbulent blade tip air mass injection

(TAMI) system in alleviating the impulsive noise (blade slap) caused by blade-vortex inter-

action. Mthough blade-slap conditions could not be induced during these tests, qualitative

results from flow visualization studies using smoke showed that the differential velocity

between the jet velocity and the rotor tip speed was a primary parameter controlling the

vortex modification. The vortex cores which were injected at high differential velocities

were consistently larger than either the cores of noninjected vortices or the cores of

vortices injected at low differential velocities. Rotor noise prediction based on observed

aerodynamic data has indicated the possibility of substantial noise reduction as a result

of the application of the TAMI system. The experimental acoustic data indicate that wind-

tunnel or flight tests would be required to quantify the predicted changes in noise levels

caused by the restructuring of the blade tip vortices in blade-slap conditions.

IN TROD UCTION

When a rotor develops lift, a vortex is formed at the blade tip. This vortex consists

of a finite core of viscous fluid rotating as a solid body and an extended annular region of

rotational motion characterized by the absence of vorticity. The finite core is of imme-

diate concern to rotary wing dynamicists, aerodynamicists, and acousticians because of

the detrimental effects that can occur when the core interacts with a lifting surface.

These include increased oscillating blade loads and high levels of impulsive noise which

can be the dominant rotor noise when itoccurs.

*Langley Directorate, U.S. Army Air Mobility R&D Laboratory.

**Rochester Applied Science Associates Division, Systems Research Laboratories,

Inc., Rochester, New York.



The characteristics of the vortex flow field andthe associatedpressure pulses cre-
atedby its interaction with a rotor blade havebeeninvestigated by various theoretical
andexperimental methods(refs. 1 to 6). The consensusof these investigations is that
the mechanismfor impulsive noise causedby blade-vortex interations (bladeslap) is a
large-amplitude pressure pulse occurring on a rotor blade section over a short period
of time. This incremental loading is causedby the inducedvelocity field of the vortex
which forces a rapid changein the blade section angleof attack. The magnitudeof this
angle-of-attack changeis directly proportional to the strength of the vortex and inversely
proportional to the spacingbetweenthe vortex andthe blade section. Other parameters
fundamentalto the blade-slap phenomenonare the time increment over which the blade-
vortex interaction occurs, the orientation of the vortex with respect to the blade, and the

blade span over which the interaction occurs.

A system to modify the tip vortex and minimize interaction effects would be a great

benefit acoustically. An ideal system would not allow the vortex to reform, while an

acceptable system would not allow the vortex to reform within at least three rotor revo-

lutions in order to miss the following blades. Also, any system should have a minimal

effect on rotor performance. Many active and passive blade tip modifications have been

tried, but none have shown both significant noise reduction and low performance penalties.

However, recent wind-tunnel tests (refs. 3 and 4) of a nonrotating blade tip air mass injec-

tion (TAMI) system have shown that the initial spreading of the trailed tip vortex continued

with time in accordance with Lamb's viscous model (ref. 7) and with no apparent vortex

reformation for at least three equivalent rotor revolutions. In addition, only a small per-

formance degradation was observed. In order for the TAMI system to work efficiently,

two factors were found to be critical: (1) The geometric alinement of the injection jet

axis with the tip vortex core and (2) the differential velocity between that of the tip jet

and the free stream at the blade tip.

Because of the promise of the nonrotating TAMI wind-tunnel tests, a research pro-

gram was conducted on the Langley helicopter rotor test facility (HRTF) to determine the

effects of TAMI on the acoustic signature and performance characteristics of a full-scale,

rotating, helicopter rotor system. In addition, these test data were used in conjunction

with nonrotating full- and reduced-scale wind-tunnel data to predict the acoustic and per-

formance benefits of the TAMI system. This paper reports the results of experimental

and predictive efforts.

SYMBOLS

A cross-sectional area of jet nozzle, m

a speed of sound, m/sec



C

h

rh

Po

rc,i

rc,o

Tj

T r

vj

Vt

Vo,i

VO,o

V_

O/

ro

chord of blade, m

blade-vortex spacing, in

mass flow rate, kg/sec

reference pressure, dynes/cm 2

radius of injected vortex core, m

radius of noninjected vortex core, m

tip jet thrust, N

rotor thrust, N

tip jet velocity, m/sec

rotor tip velocity, m/sec

tangential velocity of injected vortex core, m/sec

tangential velocity of noninjected vortex core, m/see

free-stream velocity, m/sec

angle of attack of lifting surface, deg

lifting-surface circulation, m2/sec

air density, kg/m 3

rotor rotational speed, rpm

Abbreviations:

BW bandwidth

SPL sound pressure level



BLADE TIP AIR MASSINJECTION(TAMI)

Test Program

Impulsive noise from rotor systems primarily occurs under two different conditions.
The first is associatedwith high-speedflight whenthe blade operatesperiodically in the
compressible-flow region andthe compression shockscreate anunsteadyblade loading
which, in turn, generatesan impulsive noise. Also, monopolethickness effects become
extremely important at high tip Machnumbers. The secondcondition is assoicatedwith
blade-vortex interactions where a large-amplitude pressure pulse occurs ona rotor blade
section over a short period of time. This incremental loading is causedby the induced
velocity field of the vortex which forces a rapid changein the angleof attack at the blade
section. In this case, the magnitudeof the angle-of-attack changeis directly proportional
to the strength of the vortex andinversely proportional to the spacingbetweenthe vortex
andblade section. The term "blade slap" is usedto describe the noise causedby blade-
vortex interaction.

TAMI or anyvortex modification system wouldbe ineffective in alleviating noise
causedby the first condition. For the secondcondition, TAMI would beexpectedto be
effective becauseit reducesthe peaktangential velocity of the vortex. This reduction in
the peaktangential velocity may alleviate blade-slap noiseby reducing the magnitudeof

the peak pressure pulse, by increasing the duration of the pressure pulse, or by prevent-

ing a blade section from entering a local compressible-flow region.

Impulsive Noise (Blade Slap) Criteria in Hover

Recent research efforts (ref. 8) indicate that the blade-vortex interactions can occur

over a wide range of hover operating conditions. It was found that both slapping and non-

slapping conditions had blade-vortex interactions, however, so this interaction could not

completely account for the impulsive noise; it was concluded that if a lightly loaded blade,

operating at a low t_p speed, interacted with a weak vortex, the impulsive noise would not

occur. It was also hypothesized that blade-vortex interactions could generate impulsive

noise depending on the local operating parameters at the points of interaction. The

criterion, based on subjective evaluation and flow visualization analysis, seemed to be

that impuslive noise would occur in hover if the critical Mach number were reached or

exceeded at the rotor section when blade-vortex interactions occurred.

Based on these previous experimental and theoretical results, a UH-1D rotor system

was modified and tested on the HRTF. A description of the rotor system modifications

and test conditions follows.



Description of Rotor SystemModifications

Two UH-1D rotor bladeswere used in the test program. The bladeshad a modified
NACA0012airfoil section, a 0.533-m chord, a 7.314-mradius, and a linear twist of -10.8°.
The rotor system was installed on the HRTF using a standardUH-1 rotor hubassembly.

Theblades were modified to provide anair supply to the blade tips by using the
D-spar as part of the system. The cover plate over the D-spar at the root was modified
to accepta 0.0318-m-diameter elbow for the supply of air from the source through a
rotating union. (Seefig. 1.) The air injection system at the tips of the rotor bladeswas
containedin 0.0389-m extensionsto each of the blades, andoutboardof theseextensions
the tips of the bladeswere contouredto the basic airfoil coordinates to produce "half-
round" airfoil tips. Containedwithin the extensionswere the nozzles for TAMI. The tip
extension (fig. 2) consistedof two principal parts: a D-spar capanda nozzle fairing.
The nozzle fairing was contouredfrom balsa. A 0.0343-m hole wasdrilled through the

balsa at a 6 ° angle so that the center line of the hole exited at the three-quarter chord of

the upper surface of the airfoil. The balsa section was bonded to the existing end rib of

the rotor blade, and a fiberglass skin was bonded over the balsa tip and outer section of

the rotor blade. The tubular nozzles were fitted snugly into the hole in the balsa and were

cut along the contour of the airfoil section (fig. 3). The nozzles were held in place in the

chordwise direction by a set screw.

The air supply line to the rotor blades was suspended above the rotor system on the

HRTF where it attached to the fixed end of a rotary union (fig. 1). The rotating end of the

union was attached to the upper mast head and had two discharge ports so that air was

channeled into the base of each D-spar through a short contour hose.

The deflection and stresses of the D-spar imposed by the internal pressurization of

the structure were determined experimentally. A maximum stress of approximately

50 kN/m 2 was measured at an internal pressure of 0.38 kN/m 2. This stress was within

the limit set by the rotor blade manufacturer.

Description of Instrumentation

The HRTF test program consisted of five test series; the rotor system and HRTF

instrumentation varied among the tests. The rotor blade was initially instrumented with

pressure transducers and strain gages to record vortex interactions. These transducers

became inoperative early in the test program; consequently, no pressure data were

obtained.

Acoustic instrumentation.- As listed in table I, eight ground-positioned microphones

were used in the first test series to measure the rotor noise. In the second and fifth test



series, six ground-positionedmicrophoneswere used,while onemicrophonewas positioned
upwind in the planeof the rotor system andanother microphonewaspositioned onaxis
4.57 m abovethe rotor system. Figure 4 showsthe positions of the microphonesfor test
series 5. The position 46 m from the shaft axis (test series 1) resulted in an inclination

angle of approximately 10 °. In the second and fifth test series, the microphones were

placed a greater distance from the rotor and closer to the ground than in the first series

to lower the broadband noise signature relative to the rotational noise signal and to move

the ground interference effects to higher frequencies.

All microphones were fitted with windscreens and were oriented for grazing inci-

dence. The microphones were commercially available and were of a piezoelectric,

ceramic type having a flat frequency response to within 3 dB from 20 Hz to 12 000 Hz. The

signal outputs from all microphones were recorded on multichannel, frequency-modulated

magnetic tape recorders at 152.4 cm/sec with a center frequency of 108 kHz.

The entire sound measurement system was calibrated in the field prior to and after

each day's testing by means of conventional discrete frequency calibrators with a 1000-Hz

sine-wave signal at a sound pressure level of 114 dB. Real-time correlation between all

microphone positions was recorded on magnetic tape with a standard IRIG format B time

code. Data records were analyzed to obtain sound-pressure-level time histories and

spectra data. All measurements were made with a reference value of 20 _N/m2 in

accordance with recommendations of reference 9 and have not been corrected for atmo-

spheric effects.

Flow visualization equipment.- A smoke-generating rake was positioned slightly

above the rotor plane so that the smoke flow would be pulled down through the rotor. A

16-mm high-speed camera was used to photograph the trajectories of the resulting tip

vortices.

Rotor performance instrumentation.- Rotor performance parameters (thrust, torque,

and rotational speed) were measured by the HRTF data acquistion system. This system,

described in detail in reference 10, allows measurement of thrust, torque, blade pitch, and

rotational speed within ±1 percent.

HRTF Tests

The conditions for each test series are listed in table II. In the first series,

attempts were made to establish the conditions for which blade slap could be detected

acoustically. TAMI was not used during this test series. The attempt was generally

unsuccessful since only intermittent "spikes" in the acoustic signatures were noted.

These spikes were believed to be associated with blade-vortex proximity but were not

consistent enough to demonstrate blade-vortex interaction.



In addition, the flow visualization showednochangein the vortex core structure.
The reasonfor this was believed to be a result of the speeddifferential betweenthe jet
andthe tip speedof the rotor being too small. For example, at f_ = 320 rpm the tip

speed of the rotor was approximately 245 m/sec, while at a jet thrust of 71 N and 142 N,

the injection velocities were approximately 245 m/see and 320 m/see, respectively.

Because previous studies (e.g., ref. 3) had shown that the effects of TAMI were more

pronounced as the velocity differential between the jet and the free stream was increased,

convergent-divergent nozzles were fabricated to provide exit velocities of approximately

1.5 times the sonic velocity. Flow visualization tests were then conducted with TAMI

applied to just one blade. These tests showed that the injected tip vortices consistently

had a larger vortex core (and, thus, lower core velocities) as indicated by the absence of

smoke over a larger area in the center of the vortex; also, the injected vortices diffused

more quickly than the noninjected vortices, as indicated by the earlier breakup of the

swirling pattern of the smoke.

RESULTS AND DISCUSSION OF TAMI TEST PROGRAM

It is obvious from the previous discussion of the HRTF tests that blade slap was not

induced. To explain this result, the HRTF performance and flow visualization data were

examined and compared with earlier results. A discussion of these results follows.

Effect of Rotor Thrust and Tip Speed on Blade Slap

Reference 8 shows that blade slap becomes more intense with increasing rotor thrust

and tip speed. An approximate boundary where blade slap becomes dominant for many

rotors is shown by the curve in figure 5 (fig. 13 of ref. 11). Also shown in figure 5 are

the average span loadings for the highest thrust levels achieved during the HRTF tests at

= 250, 292, and 324 rpm. They indicate that the rotor thrust at f_ = 292 and 324 rpm

were slightly below the loading levels where blade slap should be expected.

Effect of TAMI on Tip Vortex Dissipation and Rotor Performance

The flow visualization, performance, and acoustic data were analyzed to determine

the characteristics of the rotor with and without TAMI. Changes in the wake parameters

(core diameter and location) based on the flow visualization photographs were compared

with previously measured changes in wake structure due to TAMI (refs. 3 and 4). The

results are presented in the following sections.

Smoke visualization data.- The flow visualization data with TAMI from only one

blade were analyzed to determine the trajectory of the trailed vortices and to determine

whether any changes could be detected in vortex structure. With TAMI from one blade,



alternating injected and noninjectedvortices were visualized. As canbe seenin figure 6,
the vortices are rather well definedby the smoke. The smokeis entrained in the vortex,
but not in the vortex core. Therefore, the dark area in the center of the vortex generally
defines the core size. It was notedfrom photographslike figure 6 (and substantiatedby

the results of ref. 3) that the differential velocity Vj - Vt of the first test series was
insufficient to causea difference betweeninjected and noninjectedvortex cores.

Typical smokeflow visualization data from tests using the convergent-divergent
nozzles (test series 4) are shownin figure 7. Again there was injection from oneblade
only. This time the injected core size increased noticeably in comparison to the non-
injected cores. Measurementsof the core diameters indicated that the injected cores
were nearly four times larger than the noninjectedcores. Reviewsof high-speedmovies
also showedthat the trailed vortices were convected downward and were not swept into

the rotor plane for any of the conditions tested. Thus, no blade-vortex interaction

occurred.

The fact that under identical blade operating conditions an injected vortex increased

in size rapidly with a resultant decrease in its peak tangential velocity has been docu-

mented quantitatively (ref. 5). A critical parameter in the injection process has been

found to be the nondimensional thrust parameter Tj/PFo2,-_ where Tj = pA(Vj. - V )2.

Experimental thrust parameter data from reference 5 and this program are shown in fig-

ures 8 and 9. For the nominal rotational speed of the UH-1D rotor, the core radius was

nearly doubled for vortices injected at sonic velocities relative to the blade with a non-

dimensional thrust of approximately 0.01. Injection at about 1.5 times the sonic velocity,

however, increased the nondimensional thrust parameter to the range 0.02 _-< Tj _<0.07

PFo2 -

for the values of the rotor thrust tested. In these cases, an even larger change in vortex

structure was observed in the smoke flow data as would be expected from figures 8 and 9.

The model data in figure 9 also show that the peak tangential velocity was decreased

to a greater extent for the UH-1D blade section model than for a previously tested NACA

0015 wind-tunnel model with a 0.0203-m chord. This was attributed to the fact that the

peaks of the turbulence spectra for the 1.27- to 1.59-cm sonic jets were in the same fre-

quency range as the natural decay frequency of the unmodified vortex of the UH-1D model,

whereas such frequency correlation did not exist for the NACA 0015 section model. This

suggests that a close coupling between the turbulence spectrum of the jet and the swirling

vortex may increase the effectiveness of TAMI.

The cores of the injected vortices were clearly distinguished by long smoke stream-

ers extending downstream from the blades. Short streamers extended intermittently from

the blades with the noninjected vortices. The long streamers are evidence that consider-

able mixing exists between the turbulent jet and the tangential flow of the vortex. This



turbulent mixing of two flows is the mechanismby which rapid vortex aging is accom-
plished. Without TAMI, only short streamers canbe seen becauseof the limited mixing
between the axial andtangential flows in the vortex.

Figures 10and 11 (figs. 11and 13of ref. 5) showthe measured tangential and differ-
ential axial velocity distributions of noninjectedand injected vortices, respectively, for a
nonrotating UH-1D bladesection. The data for the noninjectedvortex showsthat the axial
velocity is equalto the free-stream velocity 6.5 chord lengths downstreamof the model.

Performance data.- The performance parameters measured during the HRTF

tests were the rotor rotational speed, thrust, and torque. Although these data were

recorded when the acoustic data were recorded, they were averaged over a longer time

period. A summary of the performance data is shown in table HI. The first entry in

each block is that for the uninjected conditions, while succeeding entries are for the

injected configurations.

The slight differences in the rotor thrust between the noninjected and injected con-

figurations are believed caused by unsteadiness in the test conditions rather than by the

effects of the jet. Previous investigations (refs. 3, 4, and 5) of the TAMI system in a

fixed-wing wind-tunnel test also showed that the jet had practically no influence on the

lifting or moment characteristics of the generating airfoil.

Table Ill presents the experimental performance data obtained from the rotor using

the TAMI on the HRTF. The test conditions ranged from rotor thrust levels of 11.8 kN

to 45.2 kN and power levels of 114.8 kW to 698.0 kW. Power to produce the maximum jet

thrust levels was 47.7 kW, which is approximately 7 percent of the maximum full-scale

rotor system power. This level was exclusive of pressure line losses.

Acoustic data.- A typical rotor noise spectrum from microphone position 4 at

T r = 35.5 kN and fl = 324 rpm is shown in figure 12. The spectrum shows that the

rotational noise levels remain relatively constant from 150 to 350 Hz before falling off.

The slight increase in noise levels above 150 Hz was attributed to variations of the wake

vortices caused by random changes in the wind velocity during the test.

Analysis of the acoustic-pressure time history also showed the typical rotational

noise characteristics with no evidence of a strong secondary peak, indicative of an induced

pressure pulse caused by the proximity of a vortex. The sound pressure levels were also

not at a level which could be considered indicative of blade slap.

An important consideration in the TAMI system is the effect of the noise of the rotor

blade tip jet on the overall acoustic output of the rotor. The noise produced by one super-

sonic jet with an exit velocity of approximately 430 m/sec was measured at several differ-

ent locations and rotor operating conditions so that the effect of motion on the jet noise

could be defined. Figure 13(a) shows a spectrum of the jet noise recorded at the on-axis

9



microphone (position 8) with the blade held stationary and with the blade rotating under the

jet thrust. The analysis bandwidth is 60 Hz and the spectrum is averaged over a record

length of approximately 13 sec. As can be seen the level and shape of the spectrum for

the stationary jet changed little when the jet was allowed to drive the rotor system. The

rotor speed for this condition was 92 rpm, with V t = 70 m/sec. The on-axis jet noise

was calculated by using the procedure for supersonic jets outlined in reference 12. A

spectrum peak frequency of 3.47 kHz was calculated, based on a Strouhal number of 0.2.

In figure 13(b), the measured spectrum levels for f_ = 0 in figure 13(a) have been cor-

rected to BW = 1 Hz and compared with the calculated spectrum levels. The measured

and calculated spectra show excellent agreement through 10 kHz. The differences seen

above 10 kHz are believed to be caused by atmospheric absorption.

Figure 14 shows the on-axis noise produced by the rotor at 324 rpm and a rotor

thrust of approximately 35.5 kN with and without TAMI. The on-axis jet noise caused by

TAMI dominates the standard rotor noise from 2 kHz. Therefore, the on-axis frequency

distribution of the jet noise is not strongly affected by blade rotation in the range

0 =<_2 < 324 rpm.

Once the observer is located off the rotor axis, however, the effects of blade rota-

tion become very important to the radiated jet noise. The circular motion of the jet com-

plicates the emission pattern considerably, because the jet orientation and velocity (and

acoustic directivity) are continually changing with respect to the observer. Figure 15

shows the radiated jet noise at the upwind, ground-microphone position when the jet drives

the rotor system at 92 rpm. The analysis bandwidth was still 60 Hz. The peak jet noise

for this condition was 64 dB at 2.7 kHz. The peak frequency is lower here than in fig-

ure 13 because the relative velocity has been reduced.

Figure 16 shows a comparison of the total noise output of the rotor system mea-

sured at microphone position 4 with and without TAMI (f_ = 324 rpm and T r = 35.5 kN).

The bandwidth of this analysis is 15 Hz and the spectrum is averaged over approximately

26 sec of the data sample. Figure 16 also shows that the jet noise is not observable at

frequencies less than about 2.5 kHz. Above the 2.5 kHz, the rotor noise with TAMI on

exceeds the standard rotor noise by approximately 4 dB but maintains the same spectral

shape as the noninjected rotor. The tip jet noise would thus not be expected to be a prob-

lem in relation to annoyance or detection under standard rotor operating conditions.

PREDICTED EFFECT OF TAMI ON IMPULSIVE NOISE

This section describes first the predicted effect of blade-vortex spacing on rotor

impulsive noise and then the predicted effect of TAMI on the impulsive noise by using

10



measuredTAMI data from this and other experiments where possible andby assuming
various values for the blade-vortex interaction parameters.

Effect of MeanVortex Position and Sizeon Blade Slap

Figure 17 (from ref. 1) showsthe effect of mean blade-vortex spacingon rotor
impulsive noise. The measuredandpredicted soundpressure levels increase with de-
creasing h up to the point where h becomesless than a vortex core diameter. For
smaller values of h the soundpressure levels remain nearly invariant. Figure 17
also showsthe effect of core size on the rotor impulsive noise. As the core size is in-
creased, a substantial decrease in soundpressure level is observedwhencomparedto
the noise levels from the basic core.

As discussed in reference 1, the time increment over which the blade-vortex inter-
action occurs, the orientation of the vortex with respect to the blade, and the bladespan
over which the interaction occurs also affect the levels of the impulsive noise. For
example, if the core axis were normal to the blade radius and h were relatively con-
stant over the interaction azimuth, the bladewould be near the vortex for a relatively
long time. However, if the core axis were parallel to the blade radius, the blade would

be near the vortex for a relatively short time and would interact along a more extensive

blade span. Assuming all the other vortex characteristics were similar, the latter type

of blade-vortex interaction would be expected to produce significantly greater impulsive

noise than the former type of interaction.

Description of Prediction Technique

The prediction technique was developed and verified in references 13 to 15. In

performing the calculations presented in this report, the rotor aerodynamics were first

assumed to be defined by a uniform inflow velocity. This uniform inflow velocity was then

modified by the induced effects of a trailing tip vortex. The induced effects of the tip

vortex were calculated for several positions below the rotor plane. The mean vertical

position of the vortex core axis was assumed to be normal to the blade and a uniform

distance of 0.854 m below the rotor as measured from the HRTF flow visualization data.

The vertical position of the vortex was then varied sinusoidally about the mean position

of 0.854 m. A sinusoidal variation was chosen because of the variations in vortex posi-

tions described in the whirl tower tests of reference 8. The minimum separation dis-

tances between the axis of the vortex core and the blade were arbitrarily chosen to be

0.025, 0.104, 0.153, and 0.305 m. The distance of 0.025 m corresponds to approximately

one core radius of the uninjected vortex. The observer location for the noise prediction

corresponded to microphone position 4. The effects of broadband noise were not included

in the analyses.

11



Impulsive Noise Predictions for Vertical Sinusoidal

Vortex DisplacementsBasedon HRTF Data

The calculated pressure time histories of the rotor noisefor minimum separation
distances of 0.305,0.153,and0.025 m are shownin figure 18. The pressure time history
for the 0.305-m separation (fig. 18(a))is approximately whatwould be expectedfor clas-
sical rotational noise (fig. 17}. As the vortex approachesthe blade it begins to introduce
a spike in the pressure trace. Figure 18(b)showsthe beginningof sucha spike for a
minimum separation distance of 0.153m. The peak-to-peak pressure has increased
from 94dynes/cm2 for a separationdistance of 0.305m to 159dynes/cm2 for a separa-
tion distance of 0.153m; however, the waveform is not nearly as pronouncedas the one
introduced at 0.025m (fig. 18(c}). In this case, the spike hascausedthe peak-to-peak
pressure to increase 775dynes/cm2 and becomemuchshorter in duration. This separa-
tion distance models bladeslap quite well.

The predicted acoustic spectra for a vertical sinusoidal vortex with minimum blade-
vortex separation distances of 0.305,0.153,and0.025 m are shownin figure 19. The
spectra havea bandwidthof 1.5 Hz. The predicted spectrum for a separation distance of
0.305m (fig. 19(a))comparesquite well with the measuredspectrum (fig. 12) in the fre-
quencyrange of 0 to 150Hz. At frequencies higher than 150Hz, however, the predicted
noise is significantly lower than the measurednoise. Whenthe minimum separation dis-
tance is decreased(while maintaining the samemean position), the spectral harmonic
content is increased and, as would beexpected,agreementwith the HRTF measuredrota-
tional noise spectrum is poor. This is shownin the predicted spectrum of figure 19(b)
for a minimum separation distance of 0.025m.

The last set of conditions listed in table llI was not tested; the tests, however,

show that the supersonic nozzle that was installed for the HRTF tests was sufficient to

reduce the peak tangential velocity in the tip vortex by approximately 50 percent, even for

a relatively high loading condition. The decrease in the peak tangential velocities would

be expected to have a pronounced effect on the local induced velocity at a blade section.

This can be related to the core size, since it can be realistically assumed that a vortex

will approach a blade only to within its core radius. In this representation, the total cir-

culation of the vortex remains invariant with respect to the size of the core.

The data in figure 10 show that the core of the injected vortex would be expanded by

a factor Of 4, so that the axis of the vortex core could approach the blade to within 0.104 m.

The noise spectrum for this condition under the same assumptions used for the noise pre-

dictions discussed earlier is shown in figure 20. Comparison of this spectrum with that of

the nonexpanded core (fig. 19(c)) shows a drop in noise level of 8 dB at 100 Hz, 14 dB at

200 Hz, 25 dB at 300 Hz, 20 dB at 400 Hz, and 10 dB at 500 Hz. This reduction in radiated

noise is substantial, especially when the subjective aspects are considered. The predicted

12



noise level seems to be realistic in view of the substantial differences in the measured
peak tangential velocities.

For all wake conditions, the noise predictions below 50Hz were insensitive to the
wake effects and showexcellent agreementwith the measured rotational noise. This
analysis showsthat the rotational noise of the rotor canbewell predicted if the wake
parameters canbe defined in sufficient detail. It also verifies the higher harmonic sen-
sitivity to vortex position previously notedin the experimental spectrum.

CONCLUDINGREMARKS

Full-scale rotor tests were conductedon the Langley helicopter rotor test facility
(HRTF) to evaluate the effectiveness of a turbulent tip air mass injection (TAMI) sys-
tem in alleviating the impulsive noise (bladeslap) causedby blade-vortex interaction.
Althoughblade-vortex interaction conditions could not be inducedduring these tests, qual-
itative results from flow visualization of the tip vortices using smokeshowedthat the dif-
ferential velocity betweenthe injected jet and rotor tip speedwas a primary parameter
controlling the results of the injection process. The final TAMI configuration used a

convergent-divergent nozzle at the blade tip. High-speed flow visualization of the shed

vortices indicated that considerable mixing occurs between the injected jet flow and the

swirl flow about these vortices. The minimum value of the nondimensional thrust param-

eter was approximately 0.02. This supports nonrotating wind-tunnel tests.

Measured acoustic data concerning the tip jet noise indicated that this source of

noise was negligible in comparison to the typical noise produced by the rotor system.

Based on measurements of the jet flow it is estimated that the TAMI system requires

approximately 7 percent of the measured maximum full-scale rotor system power.

Acoustic predictions of the rotor noise, using the TAMI experimental data obtained dur-

ing these tests, show that at inflight conditions, where blade-vortex interactions are

expected to occur, the sound pressure levels of the harmonics between 100 and 500 Hz

may be reduced as much as 25 dB.

Langley Research Center

National Aeronautics and Space Administration

Hampton, Va. 23665

November 10, 1975
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TABLE II.- SUMMARY OF WHIRL TOWER TEST CONDITIONS

Te.st
serms

1

I Rotor

f2, thrust,
rpm kN

230 / 8.9

2301 11.1

230! 22.2

292 52.5

324 17.8

324i 22.2

3241 33.3

324 45.3

324 51. l

292 21.3

320 25.3

320 27.1

320 44.5

300 31.1

250 26.6

292 31.1

324 35.5

t2 0.........26.6

292 21.6

292 31.1

324 35.5

Prevailing wind
conditions

N, 9 to 22 km/hr

N, 9 to 22 km/hr

N, 9 to 22 km/hr

N, 9 to 16 km/hr

N, 9 to 22 km/hr

N, 9 to 22 km/hr

N, 9 to 22 km/hr

N, 9 to 22 km/hr

N, 9 to 22 km/hr

N, 6 to 13 km/hr

N, 6 to 13 km/hr

N, 6 to 13 km/hr

N, 6 to 13 km/hr

Calm

Calm

NNE, 8 to 16 km/hr

NNE, 6 to 10 km/hr

NNE, 6 to 10 km/hr

NNE, 8 to 11 km/hr

Smoke

No

Yes

Yes

Yes

No

Tip air mass injection
conditions

No injection

Vj < a, Tj = 71 N, injection -
both blades

Vj <a, Tj = 71 and 142 N,

injection - both blades

No injection

Vj< a, Tj = 71 and 142 N,

injection - both blades

Vj <a, Tj = 71N, injection -
one blade

Vj = a, Tj = 142 N, injection -
both blades

Vj = 1.5a, Tj = 98 N, injection -
one blade

Vj = 1.5a, Tj = 98 N, injection -
one blade

Vj = 1.5a, Tj = 98 N, injection -
one blade

Vj = 1.5a, Tj = 98 N, injection -
one blade

Vj = 1.5a, Tj = 98 N, injection -
one blade

Vj= 1.5a, Tj =98 N, injection -
one blade

Vj = 1.5a, Tj = 98 N, injection -
one blade
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D-Spot Cop Nozzle

/ / Nozzle Foiring

Figure 2.- Schematic of nozzle and blade tip extension

(all dimensions in cm).

Figure 3.- Completed tip extension installation.

L-73-2118.1
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Figure 10.- Mean velocity distribution of the trailing vortex for the

0.533-m-chord model without mass injection. 6.5 chord lengths;

Vo_ =45.6 m/sec; a= 8.5 ° (ref. 5).
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Figure 11.- Mean velocity distribution of the trailing vortex for the

0.533-m-chord model with 1.59-cm-diameter sonic nozzle.

ih = 0.0816 kg/sec; 6.5 chord lengths; V_ = 45.6 m/sec;

a = 8.5 ° (ref. 5).
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